
1 
 

 

 

DESIGN AND IMPLEMENTATION OF A  

HYBRID MINI-GRID FOR CSEM-UAE 

by 

 

Gorkem Soyumer 
 

 

EPFL Middle East, 2013 

Ras Al Khaimah, UAE 

 

 

 

 

Master of Science Thesis Report 

 

 

Department of Energy Management and Sustainability 

 

 

 

 

 

Date of submission: 

August 16, 2013 

 

Approved by: 

Supervisor: 

Mr. Zaki Iqbal 

  

 Major Professor 

Prof. Rachid Cherkaoui 

 



2 
 

ABSTRACT 

The off-grid electricity demand of the research centers in CSEM-UAE’s Solar Laboratory, Solab, was 

being supplied by a central diesel generator and multiple stand-alone photovoltaic power plants with 

storage. Under this condition, 80000 kWh/yr of electricity generated by 100 kWp photovoltaic power 

plant would be wasted while 36500 kWh/yr produced by diesel generator due to the lack of a centralized 

storage bank and the energy manager integrating solar electricity into the diesel grid. To valorize the 

wasted solar electricity at the greatest extent, a cost effective market available energy manager is 

integrated that is reducing the diesel consumption by 95% and thus implying a payback time of 2.7 years 

(5% cost of capital, $1/liter diesel price). In the scope of this master thesis: i) electrical load profile of 

individual research centers has been generated, ii) overall electricity utilization has been modeled by 

projecting the supply profiles of diesel generator and photovoltaic power plants, iii) the energy efficient 

hybrid mini-grid configuration has been designed, iv) the most suited technology provider has been 

identified and v) the hybrid mini-grid has been installed. The installed energy manager system supports 

trading electricity with the city grid, since Solab is designated to be interconnecting with the public 

distribution network by 2015. Once interconnection is established, the minimized excess electricity of 

36000 kWh/yr will be fed into the city grid as to reduce the wasted electricity down to zero. The 

characteristics of the grid allow the future capacity extensions should the electricity consumption of 

research centers be expanded in the future.  
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Chapter 1 Introduction 

The reliability of electricity supply is a determinant factor to improve the quality of people’s living 

conditions in rural areas. According to International Energy Agency’s (IEA) findings in 2011, the number 

of people without access to electricity is surpassing 1.5 billion, 80% of which is living in rural areas [1]. 

IEA proposes three ways to enlarge the electrification rates. 

The first solution is the extension of public grid which is not seen economical in many developing 

countries due to the long transmission distances involved and the challenging landscape of remote 

locations. Moreover, population of the community affects the specific cost of access to electricity as well. 

For less crowded communities, high upfront need of the grid extension increases the levelized cost of 

electricity over the system lifetime. The costs of grid extension for some countries are presented in Figure 

1. Beyond a certain distance or under a certain consumer population, grid extension fails to bring the 

electricity at competitive costs.       

 

Figure 1: Cost of grid extension in selected countries [1]. 

When the grid extension is not feasible, off-grid solutions come to the stage. The simplest off-grid supply 

is the stand-alone system tailored to meet the energy demand of an independent facility. The availability 

of resources in the neighborhood of load center determines the type of technology integrated among the 

common options of wind, solar and hydro. Stand-alone systems are advantageous when the residences are 

sparsely populated in remote locations because of eliminating the power distribution and transmission 

costs. 

Mini-grid is the third option, which is considered as the most promising solution by IEA for accelerating 

the electrification in rural areas. Mini-grid is defined as the centralized electricity generation coupled to a 

locally restricted distribution network feeding loads. Diesel generators have been realized as the 

mainstream electricity source of mini-grids for decades. The reliability of combustion technology, ease of 

diesel storage, low upfront investments, wide spread installation and maintenance service have rendered 
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the diesel generators to be the leading prime power solution in global applications. Pike Research 

estimates several GW micro-grids around the world currently running on diesel generators [2]. 

On the other hand, accessibility to fuel in remote locations can be the biggest drawback of running on 

diesel generators. Transportation costs adding up to the diesel pump prices wipes away the rare economic 

advantages associated with diesel mini-grids. Lastly, for the environmental and comfort concerns users 

are reluctant to keep the generators next to their residences. 

Unlike diesel generators, renewable technologies do not require considerable operating expenses over 

their lifetime. Nevertheless, their non-dispatchable characteristics demand oversizing the components as 

well as investing for storage so that the power availability can be ensured anytime regardless of the 

unpredictable weather conditions. Consequently, the resulting upfront investment for 100% renewable 

mini-grids fails to keep the cost of electricity at affordable levels despite of the advantages derived from 

the minimized running costs.  

Combination of renewable and diesel technologies offers certain economic advantages. The natural 

resources such as solar, wind and hydro allows the hybridization of different technologies with 

conventional diesel generators in order to attain the lowest levelized cost of electricity (LCOE). The 

dispatchability issue of renewables can be overcome by keeping a diesel generator to produce electricity 

in the presence of high load or low renewable. Especially in hot climate regions, PV output and power 

demand matching in time lowers the operating hours of diesel generators. For such reasons, mini-grids 

formed by hybrid energy systems deserve special attention when delivering electrification to 1.5 billion 

without access to reliable power. 

In this report, photovoltaic and diesel power will be the focus while analyzing the techno-economic 

aspects of hybrid mini-grids. 

1.1 Diesel and solar as complementing resources for hybrid mini-

grids 

In regions with low grid penetration and subsidized diesel prices, diesel generators have traditionally met 

the electricity demand of the off-grid sites. Meanwhile, historically increasing diesel price has prompted 

the profit driven entities to look for alternative solutions to reduce the energy expenditures. Figure 2 

illustrates a typical lifetime cost structure of a base load 50 kVA diesel generator running 8000 h/yr with 

5 years lifetime under the diesel price of $1/liter (33% fuel to electricity efficiency). Such a diesel mini-

grid provides electricity at the cost of $0.5/kWh.  

Foxxer
Highlight
make it $0.37/kWhe

Foxxer
Sticky Note
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Figure 2: The lifetime cost structure of a prime load 50 kVA diesel generator. 

The analysis on the electricity production from diesel generators shows that fuel and maintenance cost 

comprises the greatest share of the cost structure. Considering the diesel generator being a settled 

technology, reduction in the maintenance and replacement costs is not expected in the long run. This 

means the cost will be highly depended on the fuel prices and therefore savings from the diesel 

consumption will deliver significant improvements to the economics. Looking at the course of diesel 

prices over last 7 years as presented in Figure 3, it is not surprising to expect an increasing trend in the 

fuel cost [3]. 

 

Figure 3: The increasing trend in global diesel prices over 7 years period [3]. 

To mitigate the dependency on rising fuel costs, a technology like solar photovoltaic fixing the levelized 

costs at a constant level is regarded as a complementary solution.  
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Unlike the diesel generator, cost structure of photovoltaic modules is characterized by the initial 

investment cost. According to the statistical reporting of SolarServer, global solar modules prices are 

following a decreasing trend as provided in Figure 4[4]. 

 

Figure 4: The decreasing trend in global photovoltaic prices over 5 years [4]. 

Current average turnkey photovoltaic power plant costs of $1.50 – 2.00 / Wp indicates $ 0.10 – 0.15 / 

kWh of LCOE (UAE average GHI value of 2050 kWh/sqm-y, 20 years lifetime and 5% cost of capital).  

Please refer to the Appendix 1 for the calculation of LCOE.  

Moreover, PV output profile and electrical load matching in time lead to additional savings through 

enhancing the efficiency of diesel generator. The graphical illustration of a typical solar-diesel electricity 

supply is presented in Figure 5. The peak consumption occurring between 11 am to 4 pm is met mainly 

by solar electricity while diesel generator supplying the loads at off-peak hours. This way, diesel 

generator is sized efficiently so that it usually runs at 70 – 80 % load keeping the production at high 

efficiencies. In the case of this load being supplied by a diesel grid, generator would have to be oversized 

at around 25 kW. Such a generator would operate at around 30% load during the long off-peak hours.        
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Figure 5: Modeling of the energy supply in a typical solar – diesel hybrid mini-grid. 

Fuel consumption curve of 25 kW Cummins diesel generator shown in Figure 6 highlights that operating 

lower than the nominal capacity reduces the efficiency of electricity generation. Consequently, for the 

given case in Figure 5, hybridizing diesel generator with PV improves the efficiency from 30% to 35% 

resulting in 15% saving from fuel consumption. 

 

Figure 6: Fuel consumption curve of 25 kW Cummins diesel generator. 

Without giving a greater insight on hybrid grid design, a very rough estimation suggests that integrating 

photovoltaic power plant into diesel grids can lead to significant savings from the cost of electricity 

generation. Integrating PV into diesel grids comes with certain technical hurdles such as ensuring the grid 

instability and tackling with non-dispatchability that are also affecting the economics of hybrid grids. 

Following section will discuss the principles of designing the mini-grids by addressing those issues. 
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1.2 Design of solar-diesel hybrid mini-grids 

IEA analyzes the hybrid mini-grids under three subsystems:  

 Generation (diesel generator, photovoltaic system, storage bank, energy management), 

 Distribution (single/three phase, DC/AC grid), 

 Consumption (electrical loads). 

Each subsystem is designed based on the types of varying components integrated and the characteristics 

of electrical load supplied. In the following part of the report, the elements of three subsystems will be 

introduced. 

1.2.1 Generation 

1.2.1.1 Diesel Generators: 

Competitive upfront cost of diesel generators in comparison with the alternative technologies has 

traditionally made them the conventional source of electrification in off-grid systems. According to the 

characteristics of electricity need, gensets are classified as standby, prime and continuous base load [5].  

Standby generators are deployed as being a secondary power source to ensure the 7/24 energy availability 

in case the primary source (grid or continuous load generator) fails temporarily. A grid formed by prime 

load generators contains at least two gensets. One or more generator is in charge of feeding the variable 

load, while the others are kept as longer term back up in case one of the running gensets fails or is taken 

under maintenance. Transferring the load from one prime genset to another is realized through a transfer 

switch while a changeover clock alternates the lead generator on a predetermined interval. Continuous 

base load generators supply electricity to a constant load (kW) providing the genset to run at efficiency 

closer to maximum. 

Due to the variable nature of power requirement in the majority of the off-grid applications, prime load 

diesel generator will be analyzed in further detail. ISO8528 standard sets certain rules to define the 

limited and unlimited number of operating hours depending on the profile of the load supplied by the 

generator [6]. This standard must be followed while sizing the generator. 

Unlimited annual operating hours applies for the variable loads as long as the average load does not 

exceed 70% over 24 hours of the prime power rating. Calculation of prime power over a year is described 

in Figure 7.  
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Figure 7: Calculation of average prime power [5]. 

Although not obliged by ISO, some of the generator manufacturers add 10% overload capability which 

should not exceed 25 hours over a year [5]. Annual operation over 500 hours greater than 70% of the 

prime power leads to reduction in the engine lifetime as noted by ISO8528 standard.  

Fuel consumption of generators depends on the type of application. Gensets designed for base load 

typically consume the fuel more efficiently. In parallel with the varying load, the efficiency of electricity 

production varies for prime power generators. As given in Figure 6, diesel to electricity conversion 

efficiency of an average diesel generator spans between 20 – 35 % in varying loads. The diesel lower 

heating value of 43.2 MJ/kg and density of 820 kg/m
3
 results in 0.30 to 0.55 liters diesel consumption per 

kWhe generation. The solar hybridization drives up the prime load efficiency of generators for the reason 

described in Figure 5. The other advantage of hybridization is the improvement of genset lifetime from 3 - 

5 years to ideally 20 years through reducing the annual operating hours [1]. Diesel generators have 

environmental impacts such as emitting carbon and nitrogen based compounds as well as creating noise 

which can be notable reduced by PV integration. The output of gensets is usually AC and ready to be 

connected directly to the distribution feeder bus bar. 

Generators that are used to form the hybrid mini-grids by operating as a voltage source exhibit the 

features of a synchronous generator with regard to the control of voltage and frequency [7].   

In a synchronous generator, frequency and voltage remains within predefined ranges as given in Figure 8.  
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Figure 8: The frequency and voltage ranges in a synchronous generator [7]. 

The regions represented by dark green are the voltage and frequency values measured during the rated 

operation while light green regions refer to the operation out of the rated range. In a frequency regulated 

generator, frequency is determined by the speed. Also, motor speed is regulated by the governor. 

Different controller units exist providing fixed speed at target frequency or a load dependent speed and 

frequency. Automatic voltage regulator controls the voltage to remain within preset level. The continuous 

voltage and frequency characteristics are key to ensure a stable operation.      

1.2.1.2 Storage systems 

Storage systems are the vital components of most of the mini-grids particularly that are not interconnected 

to a central network. In the autonomous operation, they ensure the stability for controlling the line voltage 

and frequency through balancing supply and demand as well as managing real or reactive power [8].  

They also deliver power use function to mini-grids when they are interconnected to a central network. 

The provided ancillary services with storage integration improve the power quality through regulating 

voltage and frequency, harmonic filtering and fault clearing.  

The Activity Report 24 of IEA Task 11 recommends the storage systems to display the following features 

in order to provide stability to mini-grids range up to 100 kW: 

 High power density, 

 High round trip efficiency (ratio of discharged to charged energy), 

 High discharge duration and fast response time, 

 Flexible ramp rate. 
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The instability risk of hybrid mini-grids derives from the transient nature of PV output as the solar 

irradiation can be drastically impacted by the clouds passing over. The volatile weather conditions can 

inflict a sudden and great change in the PV output that would have parallel effect on the grid voltage as 

given in Figure 9.  

 

Figure 9: Measured and modeled PV output in a cloudy day [9]. 

The voltage deviations higher than 5% from the nominal levels poses significant threat to the performance 

of electrical components such that an induction motor can be damaged by overheating when exposed to 

lower voltages [9].      

The voltage instability arising from the PV integration becomes a significant issue when PV penetration 

rises to critical limits. To avoid the outcomes of sudden reduction in PV power, spinning reserves must be 

available in the grid to ensure the continuous balance of supply and demand. Similarly, when a sudden 

fall in demand occurs PV system must be capable of adjusting its output through a communication set by 

the energy manager. 

The spinning reserve for hybrid mini-grids can be provided by diesel generator or storage systems. 

However, IEA recommends using storage for this purpose. When a diesel generator supplies the spinning 

reserves, it has to run at partial load and low efficiency in order to provide spinning power for short time. 

Moreover, a sudden reduction in PV output is compensated by releasing energy in the rotating parts of the 

generator and then speed governor adjusts the fuel consumption to match the load. This process may take 
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several seconds which will lead frequency to deviate from the nominal limit. If the response time is not 

short enough to keep up with the falling renewable power, mini-grid may fail temporarily [10]. 

On the other hand, storage systems with bidirectional converters give faster response for both up and 

down regulations minimizing the deviations from the voltage and frequency.          

Storage is also important for the mini-grids interconnected to the public distribution networks. When the 

central grid fails, electricity trade with the mini-grid ceases. Just before shifting to autonomous operation, 

the mini-grid faces a transient mismatch of supply and demand. The storage systems with bidirectional 

converters can provide stability through their faster response capability. Interconnecting mini-grids with 

storage to the city grids has additional benefits such as providing reactive power, delivering short circuit 

current and maintaining power quality standards.     

In addition to ensuring the grid stability, storage systems are useful for long term energy management. PV 

output is purely dependent on solar irradiation which is available during the day time. Without the 

storage, night time loads cannot be met by the solar energy. Storage systems can dispatch the energy 

throughout the day as to balance demand and supply 7/24. It is worth noting that the long term energy 

storage requires larger capacity that remarkably increases the upfront and operating cost of mini-grids. 

Storage systems can be categorized according to their function of grid stabilization and long term energy 

storage. However, some technologies are capable of delivering both functions. The major technologies 

available in the market and suitable for mini-grid integration up to 100 kW are introduced as following:  

Lead-acid batteries: 

The low cost and high efficiency (70% – 90%) of lead-acid batteries relative to other technologies make 

them the conventional solution of mini-grid integration. However, their short lifetime (500 to 2000 

cycles) and lower energy density (30 Wh/g – 50 Wh/g) remains to be the biggest hurdles. Lead-acid 

batteries are suitable for both grid stabilization and long term energy storage thanks to the discharge time 

of from minutes to several weeks and the response time of milliseconds. Modularity of these batteries 

enables their integration to almost any size of application [11].    

They exhibit optimum performance from 0
o
C to 40

o
C, whereas self-discharge rate increases for higher 

temperatures [12]. 

Nickel-Cadmium batteries:  

Unlike lead-acid technology, Ni-Cd batteries retain their fast response at temperatures from -20
o
C to -

40
o
C. Given the technology is at the early stages, currently 2500 cycles of lifetime is expected to be 

improved to 20.000 cycles in the maturity phase. The energy density which is around 50 Wh/kg – 75 Wh/ 
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kg is already superior to lead-acid batteries. Round trip efficiency of 70% is low in comparison to 

competing technologies, while discharge times are in the range of minutes to weeks. Also, through their 

response time in the range of milliseconds they can be used for grid stabilization. As the Cadmium is 

toxic material and it requires complex manufacturing processes, Ni-Cd faces a competition with the 

emerging Nickel-metal-halide technology [13]. 

Lithium-ion batteries: 

The high cost of Li-ion batteries due to the internal packaging and protective circuits is the difficulty to 

tap into large scale applications. However, Li-ion is the market leader of small scale portable applications 

through their very high efficiency of 95% and milliseconds of response time [11]. The unique feature of 

this technology is the ease of monitoring and charge controlling as a function of voltage [14]. 

High internal resistance leading to overheating limits the charging and discharging of these batteries. 

Therefore, it is the biggest disadvantage for addressing the grid stability.  

Sodium Sulphur batteries: 

The operating temperature of NaS batteries is 300
o
C to 350

o
C to keep the electrodes molten. Maintaining 

the high temperature requires consuming some part of the stored energy. However, the round-trip 

efficiency of 75 % – 90 % is higher than the most of the competitors’ performance. Moderate lifetime 

with 2500 hours of operation and discharge time of several minutes to weeks are suitable characteristics 

to apply for long term energy storage. They can also meet the requirements of grid stability, because 6 

times higher than the nominal capacity can be provided continuously for 30 seconds. This way, NaS 

batteries are promising to be ideal candidate for both long term storage and grid stability.           

Sodium – Nickel – Chloride batteries: 

NaNiCl batteries operate without major deration at temperatures up to 70
o
C without cooling. Despite of 

having better figures than lead-acid batteries, their power density of 50 W/kg is still lower than competing 

technologies for grid stabilization. 

Supercapacitors 

Supercapacitors are positioned between conventional capacitors and batteries by possessing the key 

features of both technologies in order to provide almost unlimited cycle stability, high power and energy 

storage capability [12]. Typical efficiency of supercapacitors is 90% with the discharge time up to one 

hour [11]. High power density of 3500W/kg is ideal for grid stabilization, whereas relatively low energy 

density of 4.5 Wh/kg can still address the short term energy storage. The important values added on top of 

conventional batteries are their extremely high capacitance values and low inner resistance that promotes 
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the technology to complement main energy source as an auxiliary power. Excluding the solvent which has 

to be replaced in 5- 6 years, the main structure has a lifetime of 1 million cycles equivalent to 10 years of 

operation [15]. 

Flywheel: 

Flywheel systems consist of a rotating cylinder which is attached on a stator through low friction 

bearings. The stored energy is proportional to the square of rotating velocity. Long lifetime and 

environmentally friendly constituents are driving factors towards commercial applications. Similar to 

supercapacitors, they are positioned for bridging between supply of pulse power and long term energy 

storage. In a case study developed by IEA, flywheel is reported as a useful technology in inverter 

dominated hybrid mini-grids to follow the loads until the diesel generators come online [16].     

Table 1is the summary of technologies that have been considered for mini-grid integration. The minimum 

size limit of 50 kW for NaS batteries creates difficulty for their employment in mini-grids. Also, the 

environmental risks related to NiCd batteries is a serious problem for the future of this technology. IEA 

notes that the production cost of NaNiCl will rise significantly due to the increasing prices of Ni in the 

global markets, so they are not considered as the promising solution. For this reason, IEA concludes that 

mini-grid stabilization and long energy storage applications will be addressed mainly by four 

technologies: lead-acid, Li-ion, supercapacitors and flywheel. The combination of supercapacitors with 

traditional batteries is also attracting great interest from commercial applications due to their 

complementary characteristics [17]. 

Table 1: Summary of storage technologies comparison [17]. 

 

1.2.1.3 Photovoltaic System: 

The main constituents of photovoltaic systems are semiconductor-based solar cells which convert the 

solar energy into direct current electricity. Multiple solar cells are combined to form 100 - 400 Watts of a 

photovoltaic module, the basic element of photovoltaic power plants. 

The output of PV modules is proportional to the solar energy received per unit area. The nominal power 

of PV modules are rated by the standard of 1000 W/m2 irradiation under A.M. 1.5 solar spectra and wind 
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speed of 1 m/s. Increasing outside temperature has a negative effect on the power generation. Depending 

on the module technology, photovoltaic modules are subjected to power loss of 0.25 to 0.5%/
o
C beyond 

the standard test temperature of 25
o
C. The effect of varying temperature on the open circuit voltage, short 

circuit current and thus maximum power is given for Jinko Solar modules in Figure 10 [18]. 

 

Figure 10: The effect of cell temperature on the PV module outputs [18]. 

The efficiency of converting solar energy to DC electricity depends on the module technology. Usually 

the commercial solar modules dominated by crystalline Si cells have 12 – 20 % conversion rates while the 

more efficient ones are priced with premium.  

The best research cell efficiency chart for all technologies created by the National Renewable Energy 

Laboratory is provided in Figure 11 [19]. In Solab, thin film and crystalline Si modules are installed. 
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Figure 11: The evolution of the best research cell efficiencies [19]. 

The magnitude and profile of solar resources are site dependent. Central Europe countries receive solar 

radiation around 1000 – 1400 kWh/sqm-yr, whereas in Central African countries the irradiance reaches 

above 2400 kWh/sqm-yr [20]. 

For fixed angle photovoltaic systems, the angle of solar radiation hitting horizontal surfaces is important 

as the PV production makes the peak when rays are absorbed perpendicularly. By following the sun, 

tracking photovoltaic systems can increase the yield of the same non-tracked module up to 36% [21]. 

In most of the applications, the output of PV modules does not match with the voltage and amperage 

requirements of electrical load. In this case, combiner boxes are used to connect modules in series and 

parallel to provide the desired characteristics. If AC power is demanded, DC to AC inverters should be 

integrated that are available in single, split or three phase options. Moreover, charge controllers must be 

adopted to integrate storage components into the photovoltaic systems. They regulate the charging of 

batteries to avoid overcharging and deep discharging which could reduce the system lifetime. Their roles 

will be thoroughly discussed in the following parts, DC and AC cabling and the mounting structures are 

also the fundamental components of PV systems.           

1.2.1.4 Energy Management System: 

The expected role from the energy management system is to ensure the grid stability and efficient 

dispatch of electricity by minimizing the fuel consumption and storage capacity through getting the 

maximum utilization of renewable resources [22]. 

As mentioned in the beginning of introduction, PV system cost structure is dominated by the upfront 

investment. Having installed a PV power plant, using its output at the greatest extent without any 

marginal running cost will lower the fuel consumption of diesel generator. However, reducing the 
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dependency of diesel generators comes with investing on storage systems in order to provide 

dispatchability. Consequently, for an optimized size of PV and storage system, the energy manager 

should serve the energy demand at the lowest operating cost and without giving compromise from the 

system lifetime. Regulating the charging of batteries is one of the most critical tasks of energy 

management system. The automated managers should continuously measure the state of charge (SOC) of 

batteries and take protective actions to prevent it falling below 45% [23]. 

Even the deep cycle solar batteries must be avoided to run at SOC lower than 45%. The effect of SOC to 

battery lifetime is illustrated with the graph in Figure 12 that belongs to an AGM type lead-acid battery 

[24].  

Depth of discharge (DOD) in the graph is the opposite of SOC (1 – SOC in %). To ensure a long battery 

lifetime, energy management system must turn on the diesel generator to charge the batteries when the 

SOC falls below set value, ideally around 45%.  

 

Figure 12: The relation of depth of discharge with the battery lifetime [24]. 

IEA classifies the control methods of mini-grids under three titles [25]. 

 Multi-master rotating machine dominated controller: The main components of the mini-grid 

are diesel generator, renewables and storage units. Diesel generator acts as a grid former and the 

other components follow the voltage and frequency. Figure 13 is the line drawing of this 

configuration. To be able to apply this control method, diesel generator must be kept running 

continuously as a base load supplier. Therefore it is not suitable for applications where the 

electricity consumption is drastically reduced in night times.   
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Figure 13: Line diagram of the multi-master rotating machine dominated controller [25]. 

 Multi-master inverter dominated controller: In addition to the diesel generator, multiple 

inverters contribute to the grid forming in multi-master dominated control method. This 

configuration meets the standards of mini-grids having distributed generation. Its line drawing is 

presented in Figure 14. 

 

Figure 14: Line diagram of the multi-master inverter dominated controller [25]. 
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 Single switched master controller: Multiple AC sources such as diesel generator or PV systems 

feed the mini-grid while battery inverter and diesel generator are in charge of grid forming duty. 

Unlike in the multi-master rotating machine controllers, diesel generators can be switched off as 

the battery inverters alone can also form the grid. Figure 15 is the line drawing of single switched 

master controlled mini-grid. A particular emphasis will be given for single switched master 

controller due to being the technology adopted in Solab mini-grid. IEA also remarks that this 

controller unit is the most suitable for mini-grids with high renewable penetration and centralized 

generation, both are the characteristics of Solab mini-grid.  

 

Figure 15: Line diagram of the single switched master controller [25]. 

In single switched master controllers, PV system can be flexibly connected on DC and/or AC bus. Charge 

controllers must be integrated after PV modules on DC bus to regulate the charging of batteries, whereas 

DC to AC inverters couple the PV modules to mini-grid on AC bus. Diesel generators are usually coupled 

through a transfer switch embedded in the battery inverter shown as two red squares in Figure 15. 

Inverters and charge controllers are connected through a data network to enable system control that is 

stabilizing grid and matching supply to load. In this configuration, PV energy that is not consumed by 

loads are stored in the batteries regardless of PV connected on DC or AC. In DC coupling, charge 

controllers simply adjust the PV output according to the battery SOC. If PV system is AC coupled, a 

more complex control mechanism is essential. Bidirectional battery inverters should meet four quadrant 

operation in order to guarantee smooth transition from feeding in to mini-grid to absorbing excess PV 

energy into the batteries depending on the varying load and PV supply.          

Three modes of operation exist with this controller. First one is the formation of the grid through master 

battery inverter. In this mode, diesel generator is not switched on yet. Slave inverters in addition to the 



24 
 

master operate in parallel in a synchronized manner by sharing the load. Second mode is initiated after 

turning the diesel generator on because of the need for extra power on top of PV output. Here, diesel 

generator sets the voltage and frequency while PV inverters can simultaneously feed into the mini-grid as 

following the parameters set by diesel generator. Lastly, the mini-grid can also operate in parallel with the 

public grid which undertakes the role of master. Now the battery inverters follow the mini-grid 

parameters defined by the public grid.  

Most of the time the first mode is observed where battery inverters act as a voltage source as well as 

deliver and absorb real and reactive power. They supply sinusoidal voltage with frequency regulation. 

Furthermore, there exist the output filter components in the battery inverters to mitigate the frequency 

harmonics. 

Smooth transition within the modes is important for the grid stability. The integrated transfer switch in the 

battery inverters and centralized controller allow smooth transition without requiring expensive 

generators that support proprietary synchronizing controls. Just before the transition from the first mode 

to the second, the battery inverter synchronizes its voltage and frequency to those of new master. Then 

transfer switch is closed to connect the new master (diesel generator). Figure 16-A gives the current and 

voltage waveforms that are observed in such transition. The measurement was taken from Schneider’s 

single switched master controller. The voltage dip occurring due to transfer takes a few milliseconds and 

the phase of voltage and frequency is not interrupted. 

 

Figure 16: The observed voltage and frequency waveforms observed in the transition A) from the first 
mode to the second and B) from the second mode to the first [25]. 

 The other way of transition from diesel generator to battery inverter is also controlled successfully even 

when the grid forming generator undergoes an unplanned shut down. Transfer lasts longer than the first 

A) B) 
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case as shown in Figure 176-B because of the extra time needed to detect the power loss. However, 8 

milliseconds of time lag is still in the order of the performance of UPS inverters.       

When the master inverter is parallel connected to the slaves, large circulating current may be created if the 

inverter output characteristics do not match. However, equal distribution of the loads to inverters 

minimizes the proliferation of circulating currents. The operation of parallel connected battery inverters 

should be controlled to provide stabilized voltage source. Droop control is a common control method that 

changes the frequency and voltage to coordinate the inverter operation. If the inverters are co-located, 

droop control becomes a reliable and low cost solution, as it does not require a separate communication 

channel.       

1.2.2 Distribution  

Distribution system receives the electricity from the supply units and makes it accessible to individual 

loads. Electricity can be distributed in the form of DC or AC depending on the type of loads and 

minimization of the power losses. If there are three phase loads connected to the mini-grid, distribution 

system must be constructed on three phase bus bars. Accordingly, solar/battery inverters and diesel 

generator must be selected to support three phase electricity. Three phase inverters are available at larger 

capacity which makes them to be lower priced (per Watt). However, three phase distribution increases the 

system cost because of more complex system connection and the material use. Figure 17 is the line 

drawing of the distribution network providing electricity to a research center in Solab. Main distribution 

box (MDB) receives power from the centralized supply and transports it to sub-main distribution box 

(SMDB) of the research center where electricity meets the end loads. To connect an MDB to SMDBs, 

molded case circuit breakers (MCCB) with sufficient amperage rating should be installed. From SMDB to 

individual loads, additional earth leakage circuit breakers are integrated.       
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Figure 17: Line drawing of a part of the existing distribution network in Solab. 

1.2.3  Consumption 

Design of the mini-grids is strictly related to the electricity consumption profile created by accurate 

projections and on-site measurements. The sizes of the mini-grid components are determined by looking 

at the statistics of electricity demand such as average, maximum and minimum values. However, the most 

accurate matching supply to the demand in time requires the analysis of load profile in the highest time 

resolution. This way, grid designer would have the control of maximizing the renewable utilization 

reducing the fuel consumption of diesel generators.   

In this study, the annual load profile was created in hourly resolution. The detailed procedure of load 

profile creation will be illustrated in the methods section. 

1.3 Scope and Objectives 

The scope of this research is to give a specialized insight on the techno-economic aspects of designing 

and implementing a solar-diesel hybrid mini-grid for Solab which is capable of interconnecting with the 

central power network. Since CSEM-UAE’s open air laboratory, Solab, had installed multiple stand-alone 

photovoltaic systems with battery backup and a centralized diesel generator, their effective integration 

into the mini-grid has been the main priority. One of the main hurdles was to merge DC and AC coupled 

photovoltaic system into the mini-grid, because the existing photovoltaic system was equipped with DC 

coupling charge controllers whereas the mini-grid structure was designated to fulfill distributed 

generation which is met by AC coupling. Having analyzed the load profile, the optimum sizing of the 

photovoltaic modules, storage, diesel generator and energy management system has been identified using 
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commercial software, named Homer. Following that, market research has been implemented to determine 

the most suited technology provider of energy manager. This report has discussed the recent economic 

figures of building the mini-grid through unveiling the very recent pricing of each component installed. 

Moreover, financial savings have been stressed in comparison to associated costs of building the hybrid 

mini-grid as to comment on the economic motivation of adopting hybrid systems in the future 

electrification of developing countries. Lastly, the final benefits of interconnecting the mini-grid with the 

public distribution network have been put forward.         

1.4 Document Overview 

The remainder of the report will start with expressing the electricity consumption and the existing 

resources in Solab which will allow drawing the balance and cost of electricity utilization. In the 

meantime, a homemade Excel layout generating the hourly load profile as well as the hybrid electricity 

software, Homer will be introduced.  

Next part will explain the applied processes for optimizing the size of supply and storage units again by 

using the Homer software. Before identifying the most suited energy manager, economic comparison will 

be made between using AC-coupled and DC-coupled configuration. 

Afterwards, the details of market research that has been made to select the energy manager will be given.  

Finally, the cost breakdown of mini-grid installation will be highlighted that is reflecting the recent 

figures obtained from the market. This way, payback time of the investment will be calculated based on 

the real numbers.              
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Chapter 2 Methods 

2.1 Estimating the electricity utilization in Solab before forming the 

mini-grid: 

CSEM-UAE’s open air laboratory, Solab, covering 87.000 m2 area hosts 6 research centers that are 

running off-grid. As will be explained below, some of them relied on the stand-alone photovoltaic system 

with battery backup and the others accessed to electricity from a centralized diesel generator.  

2.1.1 Identifying the existing supply units in Solab: 

Figure 18 pictures the spatial distribution of research and the other load centers in Solab.  

 

Figure 18: Spatial distribution of the research centers in Solab. 

1) Solar Calorimeter:   

Figure 19 shows the 4 test rooms in Solar Calorimeter that is being used to assess the performance of 

building insulation materials. Existing resources are: 

o Stand-alone: 20 kWp fixed angle PV & 96 kWh battery 
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Figure 19: The image of solar calorimeter center. 

2) PV Center: 

Figure 20 is the portacabin that has been used to study the performance of several PV technologies. 

This center is supplied by: 

o Stand-alone: 1 kWp single axis tracking PV & 12 kWh battery  

 

Figure 20: The image of PV center and battery bank. 

3) Battery Bank: 

96 kWh of battery storage in solar calorimeter has been kept inside the battery bank portacabin where 

the temperature is maintained at 25
o
C. Battery bank was connected to 50 kW centralized diesel 

generator. 

4) Solar Island:  
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The innovative solar tracking platform, Solar Island, is another research center in Solab demanding 

electricity as given in Figure 21.  Resources supplying electricity are: 

o Future stand-alone: 40 kWp azimuth angle tracking PV.  

o 50 kW centralized diesel generator 

 

Figure 21: The image of Solar Island. 

5) Solar Cooling - PV powered:  

In this research center, solar cooling technologies that provide cooling form the solar energy are 

tested. Figure 22 shows the solar cooling portacabin along with its solar collectors. The first part of 

center is supplied by: 

o Stand-alone: 2.52 kWp thin film PV & 9.6 kWh battery 

o Future stand-alone: 36 kWp fixed angle multi-crystalline Si PV 

o Backup: Manual switch to 50 kW central diesel generator 

6) Solar Cooling – Diesel Powered: 

Second part of the solar cooling is connected to 50 kW centralized diesel generator.  

 

Figure 22: The image of solar cooling center. 
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7) CSP Module: 

Next research center is the CSP module where linear Fresnel mirror technology is tested on a 

modular platform as given in Figure 23. This center is connected to 50 kW centralized diesel 

generator. 

 

Figure 23: The image of CSP module. 

8) Water Desalination:  

The latest research center established in Solab is the water desalination center. The following 

resources are responsible from the electricity supply: 

o Stand-alone: 3.1 kW dual axis tracking PV & 28 kWh battery  

o Backup: Manual switch to 50 kW diesel generator 

9) Security:  

Though not related to any of research centers, security systems constitute some part of the electricity 

demand in Solab. All the security hardware is supplied by the central 50 kW diesel generator. 

2.1.2 Estimating the electricity consumption profile in Solab: 

The first step of creating the load profile is the identification of electrical components in each research 

center. By electrical measurements made during the site inspections, the quantity and capacity of 

electrical loads in Solab have been written down. Consumption of loads having high starting currents was 

monitored with the help of a multimeter. In some cases, measured value was reported not matching with 

the rated capacity. Therefore, both the rated and measured values were indicated, however the measured 

value was taken as the basis. In  

Table 2, the list of loads together with the rated and measured capacities is presented for each research 

center.  
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Table 2: The list of electrical loads in each research center. 

 

A/C 4.9

Lighting 0.2

Data acquisition 0.1

A/C 2.2

Lighting 0.1

Data acquisition 0.1

Computer 0.4

A/C 2.3

Lighting 0.1

Outside lighting 0.1

FCU 0.3

I-V tracker 0.2

Data management 0.2

Computer&Laptop 0.5

Blowers 1.5

Dampers 0.0

Air release valve 0.1

Pump 1 11.0 7.2 12.8

Pump 2 11.0 7.2 12.8

Submersible pump 1.9 1.9 2.1

Weir penstock 0.5

Solar Island (Rotation System) Drive motors 4.9

Computer inc. webpanel 0.9

A/C 2.1

FCU 0.6

Lights 0.0

Other utilities 0.4

PC work station&laptop 1.1

Outstation box 0.7

Workbench 0.2

PS5 0.1

PS6 0.1

PS7 0.1

PS1 0.8 0.2

PSY 0.5 0.5 0.5

P4Y 1.1 1.1 7.7

P5Y 0.8 0.7 0.7

P6Y 2.2 0.9 0.3

PR1 1.1 3.6 8.6

Yazaki 0.2 0.2 0.1

PY-CW 0.3 1.3 0.2

FCUs 0.9 0.4

P2R 0.4 0.4 0.4

SCSR - 0.0

P3R 0.4 0.6 0.6

Rotartica 1.1 0.2 0.2

PR-CW 0.1 0.4 0.4

FCUs 0.4 0.4

PT 1.0 0.5 0.5

C.T fan 1.5 0.4 2.0

A/C 4.0 7.8

Computer 0.5

Data acquisition 0.1

Drilling 0.2

Lighting 0.4

Water cooler 0.5

Pump 2.2

Actuator 0.7

Heater 27.0

Rotating motor 3.6

A/C 1.4

Lighting 0.1

Pumps solar 0.1

Pumps MD 0.1

Pumps circulation 0.2

PC 0.4

Electronic components 0.1

Lighting 1.2

Camera 0.1

103.7

CSP Module

Water Desalination

Security

Solar Cooling

Total

Solar Island (Water System)

Solar Island (Porta Cabin)

Starting power 

(kW)

Solar Calorimeter

Battery Bank

PV Center

Solar Island (Air System)

Center Portacabin Facility
Rated Capacity 

(kW)

Measured Power 

(kW)
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After identifying the loads, the next step is to assign them the hourly operating schedules in order to 

generate the hour resolution load profile [26, 27, 28]. 

Taking into account the operating schedules of each component will demonstrate a better approximated 

consumption profile. Otherwise, simply summing up the capacity of each component would manipulate 

the results because not all of the devices may be turned on at the same time.  

Electricity consumption of the few electrical components such as air conditioners and water heaters 

depend on the outside temperature. For this reason, the effect of climatic conditions was also integrated 

into this model as will be described below. 

An Excel layout has been created to produce hourly load profile by taking into account: 

 Electrical capacity of each device, 

 Hourly occupancy diversity of each device: Occupancy diversity is the fraction of device’s 

electrical capacity that is consumed during occupied and non-occupied hours. The occupancy 

hours are structured with respect to: 

 Time of sunset and rise, 

 Starting/ending working hours of the day,  

 Whether the day is weekday or weekend.   

 Hourly ambient temperature, 

 Hourly solar radiation, 

 Comfort temperature levels of workers (set temperatures of A/Cs). 

For a device having power consumption independent of ambient temperature or solar radiation, the 

factors taken into account while developing the consumption profile are quantity of components, 

electrical load (kW), working hours and occupancy diversity.  

To explain the consumption modeling of such type of component with an example:  

Three units of each 30 Watts of fluorescent lamps exist in a portacabin. Conversation with the 

employees implies that three of them are switched on at working hours while only one is left on 

during non-working hours. Between 08:00 am – 06:00 pm given as working hours, the hourly 

power consumption of lights in a weekday is modeled as:  
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Table 3: Sample hourly electricity consumption profile of fluorescent lamps in a portacabin.

 

Among the loads following this procedure are lights, pumps, PCs, data acquisition systems and sensors. 

Temperature dependent loads are modeled by another approach. Such type of loads has occupancy 

diversities linked to the comfort temperature levels of users and dynamic ambient temperature. Power 

consumption of temperature dependent electrical loads is estimated with the following formula: 

     
     
     

 

Ta: Ambient temperature (
o
C) 

Ts: User defined set temperature (
o
C) 

Th: The highest ambient temperature measured (
o
C) 

P: Size of electrical device (W) 

Pi: Instant power consumption (W) 

 

To explain the consumption modeling of such type of component with an example: 

Two individual 0.5 kW air conditioners are installed in two separate rooms of a portacabin. Conversation 
with employees implies that two of them are switched on at working hours while only one is left on 
during non-working hours. The set temperatures are 20oC and 24oC respectively for occupied and non-
occupied hours. The highest ambient temperature is reported as 46oC. Between 08:00 am – 06:00 pm 
given as working hours, the hourly power consumption of two air conditioners in a weekday is modeled 
as: 

Table 4: Sample hourly electricity consumption of air conditioners linked to the ambient temperature. 

Hours 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 0 

Power 

(W) 

129 121 123 119 95 96 201 466 564 688 672 703 720 675 658 618 590 268 240 147 149 159 159 149 

Temp 

(oC) 

30 30 30 30 28 29 30 32 34 37 37 38 38 37 37 36 35 34 32 31 31 32 32 31 

 

 

Hours 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

Power 
(W) 

30 30 30 30 30 30 30 30 90 90 90 90 90 90 90 90 90 90 30 30 30 30 30 30 
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The screenshot of the Excel layout and the steps of applying the model are given in Figure 24.

 

Figure 24: Screenshot of Excel layout used for creating the hourly load profiles. 

The two presented methods for calculating the hourly load profiles have been used to generate the load 

profiles in each center given the climate data received from CSEM-UAE’s weather station, working hours 

obtained from project managers and the list of loads shown in Table 2. The results showing the hourly 

load profiles over a year are displayed for each center in Figure 25. 

 



36 
 

Figure 25: Modeled hourly load profiles of each center. 
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Even though the mathematical sum of the loads surpassed the 100 kW level in Table 2, when considering 

the effect of temperature and operating schedules the projected peak load slightly exceeds 50 kW. 

2.1.2. Simulating the initial energy utilization in Solab with Homer 

Modeling the electricity generation in Solab was conducted using HOMER, which is the hybrid electricity 

optimization software, developed by US National Renewable Energy Laboratory. It has been featured to 

model and compare multiple power generation systems in terms of technical and financial basis. The 

annual modeling of power generation is created at hourly resolution in order that the system efficiency, 

reliability and cost effectiveness are assessed with high accuracy.  

As the first step, the hourly resolution annual load profile of Solab created by the Excel layout is imposed 

to the software. Next, user chooses individual components for power supply among solar PV, wind 

turbine, hydropower, electrolyzer and diesel generators. For solar PV, user has to define parameters 

related to hourly solar radiation and technical specifications of PV modules and tracking system. Unless 

the user has hourly GHI data to import, HOMER generates solar potential after entering the monthly 

average radiations (kWh /m
2
-d) and location’s latitude and longitude to estimate the clearness index 

which is the ratio of the radiation received on earth’s surface to the incident on top of the atmosphere. 

Such information is accessible from solar resource databases like Solargis and 3Tier. The physical 

properties like slope, azimuth angle and ground reflectance are left for the user to define. Especially for 

the hot climate regions like the UAE, temperature has detrimental impact reducing the efficiency of solar 

modules around 0.35 – 0.45 %/
o
C. Thus hourly temperature profile is another parameter needed to be 

input. 

In Homer simulations, solar irradiation (GHI) and temperature data was taken from the CSEM’s in house 

measurements belonging to 4 years from 2008 to 2011. The analysis of solar irradiation showed that the 

lowest yearly was detected in 2009. Thus, it was taken as the common irradiation and temperature source 

in Homer simulations as to ensure the grid would operate in the worst-case scenario. Figure 26 plots the 

global horizontal irradiation and the temperature data recorded in 2009 by CSEM-UAE’s weather station.   
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Figure 26: Hourly GHI and temperature data measured in 2009 by CSEM-UAE’s weather station. 

In the initial configuration, before the stand-alone systems are integrated into the mini-grid, electricity 

generated in one center was either being consumed there or wasted. The stand-alone configuration was 

not capable of channeling the excess electricity from one center to the other that is in demand at that 

moment. As the centralized generation and distribution was not installed yet, the electricity utilization 

needed to be studied separately for each center rather than giving a common result for entire Solab.  The 

following charts in Figure 27 demonstrate the monthly breakdown of electricity utilization in each center. 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Months

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Months
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Figure 27: Breakdown of monthly energy utilization in research centers of Solab. 
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The significance of the Figure 27 is that the centers equipped with stand-alone photovoltaic systems and 

battery backup produce electricity greater than their internal consumption. This is because the plants are 

sized to meet the peak consumption occurring in summer season, whereas in the off-peak seasons 

consumption remains lower than the supply. Moreover, the limited storage capacity does not offer any 

opportunity to reduce the internal diesel consumption. The only way to valorize the excess generation is 

to channel it to the other centers that do not contain photovoltaic systems by also centralizing the battery 

bank. By doing so, fuel consumption of the entire Solab can be notably reduced. 

The summary of production, consumption and excess electricity at each center is shown in Table 5. Each 

day on average 220 kWh of solar electricity was being wasted while more than 100 kWh being supplied 

by diesel generator. Valorization of the excess electricity will deliver savings from the diesel 

consumption. Given the diesel generator running at low loads (therefore low efficiency) in the initial 

configuration, integration of the generator into mini-grid would also improve the production efficiency 

through the energy manager’s settings to run the generator at predefined load.  

Table 5: Summary of solar and diesel contributions to the electricity supplies and the balance of 
electricity use. 

 

2.2 Estimating the electricity savings by forming the hybrid mini-grid: 

Section 2.1.2 highlighted the value of integrating stand-alone systems into the hybrid mini-grid in order to 

improve the efficiency and reduce the fuel consumption and thus cost of electricity generation. In addition 

to the economic assessment, the most suited mini-grid should possess other characteristics such as:  

 The highest flexibility to extend/change the load in each research center and connect Solab 

network to local network to sell excess power, 

 The minimum use of non-renewable electricity including diesel generator and city grid.  
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Before moving on to the mini-grid design, the question needs to be answered is to adopt whether DC-

coupled or AC-coupled configuration. For this reason, following part will emphasize the pros and cons of 

both types and then estimate the associated costs. 

2.2.1 AC coupled mini-grid configuration 

In AC-coupled mini-grids, all the supply units are connected to AC bus line. DC output of PV modules 

has to be converted to AC through a DC to AC inverters before coupling them to the AC bus line. 

Charging/discharging of batteries and DC to AC conversion of battery output are handled by bidirectional 

battery inverter. Optionally, diesel generator and grid electricity can be coupled as parallel sources [29]. 

Line diagram of AC-coupled mini-grid is shown in Figure 28.  

            

Figure 28: Line diagram of AC-coupled mini-grids. 

Advantages of AC-coupled mini-grid are [30]: 

• More flexible in the placement of solar panels, 

• Lower cable (diameter) and cabling (number) cost for power transmission in the mini-grid by 

taking the advantage of higher voltage, 

• Higher PV to grid efficiency through removing a conversion step at battery, 

• Higher PV to load efficiency, during the time load matches the generation (no loss at batteries), 

• Only during the times load is not matching generation, power will be lost in the conversion step 

occurring at the batteries, if exist,  

• Maximum extendable limit is 300 kW (with supplier SMA). 
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2.2.2  DC coupled mini-grid configuration 

Solar panels are connected on the DC bus line that is also used to charge the batteries. Before the batteries 

comes the charge controller regulating the charging of the batteries. Bidirectional battery inverters are 

essential should the mini-grid be hybridized with diesel generator or interconnected to the city grid. AC 

loads are connected after the bidirectional inverters [29]. The line drawing of DC-coupled mini-grids is 

given in Figure 29.  

 

Figure 29: Line drawing of DC-coupled mini-grids. 

Advantages of DC-coupled mini-grids are [30]: 

• For the same generated power, lower cost charge controllers relative to grid tie inverters, 

• Simple DC-AC inverters are sufficient as there is no need to set communication between 

inverters,  

• No need for inverter, in case of DC load, 

• No need for inverters and batteries, in case DC load matching generation (realistic if load 

accepts), 

• No need for inverters and batteries and combiner box  in case of power generation at a voltage 

matching the load (unrealistic), 

• Maximum extendable limit is 70 kW (with supplier Outback). 

2.2.3 Techno-economic comparison of AC and DC-coupled configurations: 

As discussed in the previous parts, in AC-coupled mini-grids AC bus line carries the electricity from the 

inverters (right after solar panels) to the loads. 230 V of AC voltage in the bus lines minimizes the power 
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losses taking place in the power transition in comparison with the losses occurring in lower voltage DC 

bus lines. This means that power losses are minimized by deploying smaller size of cables in AC-coupled 

mini-grids. Given the long distances between the research centers and the requirement of distributed 

generation, AC-coupled mini-grids can transmit the power in a more efficient way. Consequently, all the 

research centers along with their supply units can be merged in a single mini-grid as shown in Figure 30.  

 

Figure 30: Single AC-coupled mini-grid designated for Solab. 

On the other hand, combining each research center in one DC-coupled mini-grid would induce very large 

power losses and therefore inefficient power transmission. For this reason, considering the spatial 

proximity and supply and demand balance, DC-coupled mini-grid has been studied under two 

independent zones as given in Figure 31. 

 

Figure 31: Two zones of independent DC-coupled mini-grids designated for Solab. 
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After setting the boundaries of DC and AC-coupled mini-grid configurations, the economic comparison 

can be done using Homer software. To simulate the mini-grid operation in Homer, user must define 

parameters related to the technical and financial specifications of grid elements. Below are the values 

entered in Homer while simulating AC and DC-coupled configurations. Diesel generator, bidirectional 

battery inverter and battery are common for both.  

To give a quick remind, DC-coupled configuration includes: 

 DC-coupled PV system, 

 Battery, 

 Diesel generator, 

 Bidirectional battery inverter, 

AC-coupled configuration includes: 

 AC-coupled PV system, 

 Battery, 

 Diesel generator, 

 Bidirectional battery inverter. 

DC-coupled PV system: Includes the components from PV panels to charge controllers as shown in 

Figure 32. Bidirectional battery inverter will be added separately, because it is sized smaller than the 

capacity of PV components and a constant proportion relating them does not exist.   

 

Figure 32: The line diagram of DC-coupled PV system. 
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Table 6: Technical and financial values of DC-coupled PV system for Homer simulation. 

 

AC-coupled PV system: Includes the components from PV panels to grid-tie inverters as shown in 

Figure 33. 

 

Figure 33: The line diagram of AC-coupled PV system. 

Table 7: Technical and financial values of AC-coupled PV system for Homer simulation. 

 

Diesel generator: Cummins diesel generators within 5-50 kW range will be tested in the simulations to 

discover the ideal size of diesel generator for both AC-centric and DC-centric networks [35].  

DC-coupled PV System
Lifetime* years 15
O&M Cost $/kW-y 39
Capital cost of panels** $/kW 580
Charge controller $/kW 267.5
DC wires** $/kW 136.4
Combiner box** $/kW 283.7
Total Capex $/kW 999.6
* 12 years for product defect,  25 years for 80% of warranted minimum power. However, due to the risks 
of supplier bankruptcy and unforseeable derating of desert conditions  lifetime has been taken as 15 years.

** Prices were taken from the quotation received from Apex in 2012 Q4.

Mini 
Grid

PV 
Modules

Grid tie PV 
inverters

Optional

BatteriesHybrid Inverter

AC 
DC

Combiner 
Box

Optional

AC-coupled PV System
Lifetime* years 15
O&M Cost $/kW-y 39
Capital cost of panels** $/kW 580
Grid-tie inverter*** $/kW 479.5
AC wires** $/kW 56.4
Combiner box** $/kW 283.7
Total Capex $/kW 1399.6
* 12 years for product defect,  25 years for 80% of warranted minimum power. However, due to the risks 
of supplier bankruptcy and unforseeable derating of desert conditions  lifetime has been taken as 15 years.
** Prices were taken from the quotation received from Apex in 2012 Q4.
*** Price of Schneider Conext TL 15000E.
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Key inputs for diesel generator are size, fuel efficiency, capital and operating costs and lifetime. Figure 34  

is an example for 40 kW Cummins generator’s fuel consumption curve.  

 

Figure 34: Efficiency curve of 40 kW Cummins diesel generator. 

Table 8: Technical and financial values of diesel generator for Homer simulation. 

 

Battery: CSEM-UAE has been working with lead-acid AGM type of batteries for several years without 

major issues reported. Future expansion of battery bank would require procuring the same families. In 

addition, lead-acid batteries are among the technologies recommended by IEA for the integration of mini-

grids. Therefore, only the following lead-acid battery model will be under consideration:     

Maxima, 12DD200, 12VDC Nominal Voltage, 200 Ah @ 20 hr discharge rate. 

Size kW 40 

Capital cost $ 1200 

Operating cost $/hr 1.5 

Lifetime hr 30000 
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Table 9: Technical and financial values of diesel generator for Homer simulation. 

 

Inverters: Two types of inverters are integrated into the mini-grids. The first one, grid-tie inverters are 

employed only in AC-coupled configuration to convert DC output of PV modules to AC power before 

connecting to AC bus line. The second type, bidirectional battery inverters are deployed in bot AC-

coupled and DC-coupled mini-grids. As explained before, they regulate the charging of batteries, convert 

the DC discharging of batteries to AC power and optionally sell the excess electricity to the public grid (if 

public grid interconnection exists).  

Grid-tie inverters: 

Table 10: Technical and financial values of grid-tie inverter for Homer simulation. 

 

 

 

Round trip efficiency - 86% 

Minimum state of charge - 30% 

Setpoint state of charge - 80% 

O&M cost* $/kWh-y 6.24 

Replacement cost $/kWh 122 

Capital Cost** $/kWh 122 

DC Cabling** $/kWh 11.4 

Total capex $/kWh 133.4 
*Currently in Solab, 5550 kWhe consumed to cool down 96 kWh of battery 
per year, cost of electricity 40 fills/kWh or USD 0.108/kWh. 
**Prices were taken from the quotation received from Apex in 2012 Q4.  
 

Capacity kWn 15 

Weighted efficiency* - 95.5% 

Lifetime years 15 

O&M cost $/kW 0 

Capital Cost of grid tie inverters** $/kW 479.56 
*Weighted efficiency is calculated based on the efficiency-power curve of the inverter and power 
distribution of the location where the system is installed. 
**Prices were taken from the quotation received from Apex in 2012 Q4.  
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Bidirectional battery inverters (hybrid inverter): 

Table 11: Technical and financial values of bidirectional battery inverter for Homer simulation. 

 

In the inverters’ specifications above, weighted efficiencies are indicated instead of maximum operating 

efficiency which is provided in the most of the inverter datasheets. Maximum operating efficiency is a 

misleading value considering that the inverters perform under varying load factors and in a broad 

irradiance and temperature range. Consequently, to make a better approximation on the inverter 

performance, weighted efficiency has been calculated by taking into account the effect of temperature and 

irradiance and partial load deratings. In Appendix 2, the calculation method with an example on 

Schneider Conext 15000E series inverter is explained.  

Characteristics as input for Simulation 
(Homer)
Capacity kWn 4.5
Capacity of converter relative to inverter - 100%
Weighted inverter efficiency - 93.0%
Weighted converter efficiency - 90.2%
Lifetime years 15
O&M cost $/kW 0
Total Capex of hybrid inverters* $/kW 544.96
*Prices were taken from the quotation received from Apex in 2012 Q4.  
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Chapter 3 Results 

Provided the technical and financial inputs, Homer simulation can be run to evaluate AC and DC-coupled 

mini-grids. The size of photovoltaic power plants indicated in section 2.1 and the estimated load profile 

given in Figure 21 will be taken as the fixed inputs. Homer applies sensitivity analysis to optimize the 

sizes of: 

 Diesel generator and its consumption, 

 Battery storage and its lifetime, 

 Bidirectional battery and grid-tie inverters with the objective of maximizing the utilization of 

solar electricity at the lowest cost for both DC-coupled and AC-coupled mini-grids.  

3.1 Homer’s techno-economic outputs 

Varying the sizes of components will influence the net present cost (NPC) and levelized cost of electricity 

generation. Multi-parametric simulation has been done on each component to minimize the cost. As an 

example, the effect of battery size is presented in Figure 35. However, the same study was repeated on 

other components as well. 
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Figure 35: Homer outputs for the optimization of battery size in AC-coupled and DC-coupled 
configurations. 

The implication of Figure 34 is that 210 kWh of battery capacity attains the lowest cost of electricity 

generation in AC-coupled mini-grid. Similarly, 180 kWh for DC-coupled Zone 1 and 105 kWh for DC-

coupled Zone 2 are the battery capacities giving the lowest cost. 

At the end of the optimization, both AC and DC-coupled mini-grids have offered significant reductions 

from the diesel consumption as given in Figure 36. 
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Figure 36: Monthly energy utilization in AC-coupled and DC-coupled mini-grid configurations. 

In AC-coupled mini-grid, daily diesel supply has come down to 9.85 kWh from 220 kWh delivering almost 

95% saving. In DC-coupled Zone 1 and 2, daily diesel contributions have been reported as 7.3 kWh and 

3.2 kWh with their summation being 6.6% higher than the diesel supply estimated in AC-coupled mini-

grid. Such a difference is not surprising due to the conversion efficiency differences pointed out in 

section 2.2.1. However, the overall diesel saving for both configurations is great that their economic 
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value cannot be the major determinant factor to choose the type of configuration. Therefore, their 

investment and operating costs should be considered next. In  

Table 12: Breakdown of investment cost for AC and DC-coupled mini-grids., breakdown of investment 

costs for AC and DC-coupled mini-grid configurations are listed. Components are classified as “existing” 

and “to do”. For the existing components, investment cost is not reflected on “to do” or “relevant” cost. 

Those items are available on site and do not add on to the future project budget.  
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Table 12: Breakdown of investment cost for AC and DC-coupled mini-grids.

 

Charge controllers already connected to 20 kWp stand-alone PV system lowers the “to do” cost of DC-

coupled. On the other hand, splitting the mini-grid into two zones requires procuring 25 kW more hybrid 

inverter (bidirectional battery inverter) in DC-coupled. In parallel, 75 kWh extra battery capacity should 

be integrated. Therefore, the three factors almost balance out each other in total cost. 

A more detailed analysis revealing the operating costs is presented in  

Table 13. 

AC-coupled Existing To do Total

Battery
kWh 150 60 210

$ 20003 8001 28004
Unit price $/kWh 133

PV system (DC)
kWp 100 0 100

$ 71624 0 71624
Unit price $/kW 716

Grid Tie inverter
kWn 0 100 100

$ 0 47956 47956
Unit price $/kW 480

Hybrid inverter
kWn 0 20 20

$ 0 10899 10899
Unit price $/kW 545

Combiner Box
kW 100 0 100
$ 28300 0 28300

Unit price $/kW 283
Total $ 119927 66856 186783

DC-coupled 2 Existing To do Total

Battery
kWh 0 105 105

$ 0 14002 14002
Unit price $/kWh 133

PV system (DC)
kWp 40 0 40

$ 28650 0 28650
Unit price $/kW 716

Charge Controller
kW 0 40 40
$ 0 10681 10681

Unit price $/kW 267

Hybrid inverter
kWn 0 20 20

$ 0 10899 10899
Unit price $/kW 545

Combiner Box
kW 40 0 40
$ 11320 0 11320

Unit price $/kW 283
Total $ 39970 35582 75552

DC-coupled 1 Existing To do Total

Battery
kWh 150 30 180

$ 20003 4001 24004
Unit price $/kWh 133

PV system (DC)
kWp 60 0 60

$ 42974 0 42974
Unit price $/kW 716

Charge Controller
kW 20 40 60
$ 5341 10681 16022

Unit price $/kW 267

Hybrid inverter
kWn 0 25 25

$ 0 13624 13624
Unit price $/kW 545

Combiner Box
kW 60 0 60
$ 16980 0 16980

Unit price $/kW 283
Total $ 85298 28306 113604



54 
 

 

Table 13: Cost comparison of AC and DC-coupled mini-grids. 

 

Not only the investment, but also the operating cost is very comparable for both configurations. 

Consequently, the levelized cost of electricity generation is estimated to be only $0.005 lower for AC-

coupled mini-grid. For more detailed information on the operating costs, battery lifetime and replacement 

figures are provided in Appendix 3.     

3.2 Additional costs linked to the implantation phase 

Up to this point, the costs related to the basic design of the mini-grid have been presented. However, there 

are additional costs associated with the implementation. The first one is the cost of DC wiring from PV 

panels to batteries on Solar Island that has not been included into calculations for DC-coupled Zone 2. 

High precision Solar Island membrane does not allow placing the batteries on the island. Therefore, DC 

cabling should be extended from PV panels to the second battery bank that will be installed outside of the 

island as given in Figure 37. 

 

Quantity Units AC-coupledDC-coupled1 DC-coupled2 Total DC-couple
Initial Investment $ 186783 113604 75552 189156
Relevant Capex* $ 66856 28306 35582 63888
Diesel consumption liter/year 1069 974 409 1383
Diesel cost $/year 1079 983.74 413 1396
CO2 Emissions kg/year 2815 2565 1077 3642
Opex $/year 12991 9030 4295 13325
LCOE** $/kWh 0.303 0.318 0.293
Weighted LCOE** $/kWh 0.303 0.308
Excess electricity kWh/year 36097 20278 15986 36264
Excess electricity*** $/year 3697 2190 1726 3916

*Relevant capex is the amount of additional investment attributable to AC-centric and DC-centric separately.
**8% cost of capital and 15 years of project lifetime considered calculating the LCOE. 
***Value of electricity is 40 fills (10.8 USD cents).
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Figure 37: DC cable size estimation from PV panels to the second battery bank in DC-coupled Zone 2. 

The thickness of cable has been determined by making a tradeoff between initial investment (proportional 

to cross-section of wires) and cost of electricity lost in transmission (inversely proportional to cross-

section of wires) as given in formula below [31, 32]. 

 

 SA is minimum cross-section satisfying Ampacity requirements of NEC,  

 DA are the costs proportional to cross-section,  

 EA are the costs inversely proportional to cross-section,  

 FA are the costs unrelated to the cross-section. 

If the most economic cable size is estimated to be lower than NEC standards, Ampacity requirements 

should be followed as the minimum limit.     

In Figure 38, the effect of cable thickness on the cost of initial investment and power loss are given. 

Below 12 sqmm cable size, power loss dominates and increases the overall cost being higher than the 

optimum level. Above 12 sqmm cable size, investment cost rises rapidly that the overall cost again 

exceeds the optimum level. As a result, 12 sqmm is found out to be ideal size at the cabling cost of 

$388/kWp.   

 

Figure 38: Optimizing the DC cable thickness for Solar Island by a tradeoff between the cost of initial 

investment and power loss. 
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40 kWp PV system installed on Solar Island will incur $388/kWp x 40 kWp = $15520 additional cost to 

DC-coupled Zone 2. Moreover, a second portacabin has to be built in DC-coupled Zone 2 in order to cool 

down the second battery bank. A preliminary market research suggests that supply and installation of 

portacabin is priced at $6150. 

In AC-coupling of PV modules on Solar Island, grid-tie inverters can be attached on the steel frame of the 

island. This way, less costly AC transmission from the grid-tie inverters to distribution box incurs 

additional $3254 to AC-coupled mini-grid configuration. 

The second cost that has not been considered so far is the procurement and installation of AC cables 

running between the distribution boxes. There is an existing distribution network to dispatch the output of 

central diesel generator in mini-grid. AutoCAD drawings showing the connections in the distribution 

boxes are added into Appendix 4. Instead of building a new distribution network, the existing one has 

been revised and expanded as demonstrated in Figure 39. For both configurations, cables numbered from 

1 to 6 have to be integrated. Additionally for DC-coupled mini-grid, cables 7 – 8 – 9 should be installed 

to build the distribution network. These are 4 core Cu cables 35 sqmm per core and priced at $27/m. Total 

length of 150 m creates $4050 additional investment cost on DC-coupled mini-grid. 
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Figure 39: Power distribution networks for A) AC and B) DC-coupled mini-grids. 
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The last one is the cost of interconnecting with the public grid which should be paid separately for each 

DC-coupled zone. According to the offer received from a local system integrator named Electron 

Electromechanical in 2010, erecting a second transformer will cost additional $13.000 to DC-coupled 

mini-grid. 

The summary of all the costs linked to the base design and implementation are listed in Table 14. Even 

though the investment costs of base design for two configurations were very comparable, the 

implementation cost creates a difference of more than $38000 to the advantage of AC-coupled mini-grid 

configuration.  

Table 14: Base design and implementation costs for AC and DC-coupled mini-grid configurations. 

 

3.3 Benefits of combining AC and DC-coupling in the same mini-grid 

configuration 

While several advantages of forming an AC-coupled mini-grid for Solab have been proven, certain 

benefits of DC-coupling also exist. The installed charge controllers on the 20 kWp PV power plant was 

the major driving factor for investigating DC-coupled configuration. Once AC-coupling is decided to be 

followed, 20 kW charge controller system that is worth $267/kW x 20 kW = $5340 will have to be 

dumped. Therefore, a solution that allows the integration of charge controllers into the AC-coupled 

configuration was searched for. Accordingly, SMA’s energy manager Sunny Island has been discovered 

being capable of integrating AC and DC-coupling in a mini-grid as given in Figure 40. This way, charge 

controllers connected to 20 kWp PV panels can be installed in the mini-grid by replacing the need for 

procuring 20 kWp grid tie-inverter that is worth $9600. Due to the charge controllers belonging to a 

second supplier, MorningStar, they cannot directly communicate with SMA’s energy manager. To set an 

interface between two systems, a current measurement sensor (shunt resistor) should be included. It 

detects the charging/discharging current of flowing into/from the batteries so that it gives information to 

Sunny Island about the battery state of charge. As the shunt resistor is priced less than $100, the savings 

that it delivers justifies the cost.      

AC-coupled DC-coupled

Power electronics 63888 66856

PV cabling Solar Island 3254 15520

Portacabin for battery cooling 0 6150

Grid interconnection 0 13000

AC cables between DBs 0 4050

Total 67142 105576

Relevant Cost ($) 
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Figure 40: Combination of AC and DC-coupling within a mini-grid by SMA’s Sunny Island energy 
manager [38]. 

3.4 Results of market research to identify the most suited grid-tie 

inverter 

SMA’s Sunny Island energy manager fulfills the requirement of combining AC and DC-coupling within a 

mini-grid. At the same time, SMA energy manager obliges the integration of its own grid-tie inverters due 

to the proprietary communication protocol [33]. 

Selecting the supplier of grid-tie inverter is as important as the energy manager because it will have a 

significant share in the investment cost and the quality of power supply. Similar to the energy manager’s 

suitability proven by figures, SMA grid-tie inverters had to exhibit outstanding features in comparison 

with the competitors’ products. In line with this, a detailed market research has been made to find out the 

most suited grid-tie inverter available in the market. 

The basis of the market research was Photon Laboratory’s test result on the grid-tie inverter performance 

under extreme conditions which is trusted by numerous PV power plant designers [34]. 

Photon Laboratory uses a grading system with the range from A++ to F, referring to Photon efficiency 

values. Peak efficiency and European efficiency, commonly mentioned in manufacturer’s datasheet, do 

not represent the performance under real conditions. The innovative part of the PHOTON efficiency is 

that it tests the inverter in the entire input voltage range specified by the manufacturer. This reflects the 

conditions that a real PV system could be exposed. To calculate the Photon efficiency, maximum power 
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point (MPP) voltage range specified by the manufacturer is divided into 20 steps and DC power range 

into 24 steps. The following efficiencies were calculated for 20 x 24 = 480 data points under low (EU) 

and high (Cal) irradiation. 

𝑴𝑷𝑷 𝒂𝒅𝒋𝒖𝒔𝒕𝒎𝒆𝒏𝒕 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚  
𝐷𝐶  𝑜𝑤𝑒𝑟 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟

𝐷𝐶  𝑜𝑤𝑒𝑟 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 
 

𝑪𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚  
𝐴𝐶  𝑜𝑤𝑒𝑟 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟

𝐷𝐶  𝑜𝑤𝑒𝑟 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟
 

𝑶𝒗𝒆𝒓𝒂𝒍𝒍 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚  𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 ∗ 𝑀    𝑎𝑑𝑗𝑢𝑠𝑡𝑚𝑒𝑛𝑡  

Photon efficiency is the weighted overall efficiency for low and high irradiation over MPP power and 

voltage range. To give an example, the chart displaying the calculation of Photon efficiency for SMA 

20000TLHE inverter is added in Figure 41.          

 

Figure 41: Photon efficiency calculation curve for SMA 20000TLHE inverter [34]. 

Inverters that have received the highest grades from Photon are listed in Table 15. In the first ranking 

exists a showcase SMA inverter that has not been released to the market yet. The following 6 inverters are 

non-SMA products that can resist humidity up to 95%. Humidity tolerance is one of the most determinant 

criteria in inverter selection, since CSEM-UAE’s weather station has recorded the humidity reaching 

100%. Therefore, even though the highest ranking inverters exhibit better efficiencies in the entire 
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operation range, due to their inferior performance against humidity, lower efficiency inverter but resistant 

to 100% humidity must be preferred. It is SMA’s Sunny TriPower 17000TL inverter.   

Table 15: The top ranking inverters received the highest grades from Photon testing [34]. 

 

   

In addition to the advanced technical features, SMA Sunny TriPower inverters are cost competitive either. 

Prices of several inverters have been collected in Table 16 showing that SMA STP series are offered at 

relatively low prices, given all the considered suppliers are the top player in the inverter market [35, 36, 

37]. 

Up to 95% 
humidity

Up to 100% 
humidity

Showcase 
product
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Table 16: Price comparison list of selected inverters available in the market [35, 36, 37].

 

To sum up, SMA Sunny Tripower inverters are providing high performance at low costs. As they are 

communicating with Sunny Island, they have been decided to be integrated into the mini-grid.  

3.5 The final design of hybrid mini-grid  

The line diagram of the mini-grid formed by SMA’s hybrid energy manager is demonstrated in Figure 42.  

 

Figure 42: Line drawing of the mini-grid final design. 

Supplier Model AC output (kW) Price Exc. Tax & Ship. ($) Price ($/W)
1 Refusol 017K 16.5 2,932 0.18

2 SMA STP 20000-TLEE10 20 4,188 0.21

3 REFUsol 013K 12.4 2,868 0.23
4 SMA STP 17000-TL10 17 4131 0.24

5 ABB PVS300‐TL‐8000W 8 2,154 0.27

6 SMA SB 5000-TL21 (excl. PCM) 5 1,600 0.32
7 ABB PVS 300 6.0 kW 6 2,010 0.33

8 Schneider ProWatt 2 720 0.36

9 SMA STP 5000-TL20 (incl. PCM) 5 2,010 0.40
10 Schneider Prosine 1.8 738 0.41

11 Schneider Conext TL 15000 15 6300 0.42
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Load: 54 kWhe/d

Solar cooling center

Load: 121 kWhe/d

CSP - Solar Island

40 kWp PV Single Axis 
Tracking

PVG40

Extension

2 x STP 
17000TL

Hybrid
inverters

Batteries
48V

Charge
controllers

Sub-Main 
Distribution Board

20 kWp
PV fixed angle

Extension
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In Homer simulations, the optimized size of hybrid inverter was calculated as 20 kW. Setting a three 

phase power distribution network with SMA hybrid inverters requires installing one inverter per phase. 

Therefore, 3 units of 8 kWp hybrid inverters available in SMA’s product catalog are selected to meet the 

minimum 20 kW size. As explained before, the existing charge controllers connected to 20 kW PV power 

plant are DC-coupled to the mini-grid. 3 kWp and 36 kWp PV power plants are AC-coupled through 2 

units of SMA STP 17000TL three phase grid-tie inverters.        

As reported in 

Table 12, optimum battery capacity was calculated by Homer as 210 kWh. On the other hand, when the 

mini-grid interconnects with the public distribution network within two years, the role of storage will be 

substantially weakened. Consequently, investing heavily on storage has not been found advantageous. 

Instead of 210 kWh, the minimum storage requirement given by SMA (4.8 times the total capacity of 

grid-tie inverters ) 4.8 x 34 = 163.2 kWh storage capacity has been recommended [38]. 

However, given the size of one battery 2.4 kWh and voltage 12 V, making a 48V string (input voltage of 

Sunny Island battery inverter) would not be efficient for the total capacity of 163.2 kWh. It contains 68 

batteries (163.2 / 2.4 = 68) which is not possible to make an efficient connection from 17 strings of 4 

serially connected 12 V batteries. By adding 4 more, 18 strings could be connected much more efficiently 

[39].  

Eventually, battery bank was formed by using 72 batteries with the total capacity of 172.8 kWh. 

As the implementation phase is not included in the scope of this thesis, details of battery, PV module and 

grid-tie inverter wiring are not discussed comprehensively. However, the relevant design tools that have 

been developed for battery, PV module and grid-tie inverter wiring are presented in Appendix 5.            

3.6 Calculating the payback duration based on the experienced 

implementation costs 

A significant difference has been identified in the procurement and installation costs between what was 

estimated in the design and what was realized in the implementation phase. Having procured all of the 

components and signed a contract with a local subcontractor for their installation, a final study has been 

made to calculate the real costs. The detailed list of procurement and installation costs is provided in 

Appendix 6. By imposing the updated values into Homer, a final simulation has been run to find out the 

LCOE. Taking 5% cost of capital and considering the prices indicated in Appendix 6, LCOE became 

$0.33/kWh. It is worth noting that prices of DC-coupled 20 kW system belongs to 2012, recently prices 

of photovoltaic modules, charge controllers and mounting system have remarkably come down. 
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To estimate the payback time of the investment, a reference case has to be defined to make a comparison. 

As mentioned, there were stand-alone photovoltaic systems with battery backup in Solab before building 

the mini-grid. Those stand-alone systems together with a centralized diesel generator were supplying the 

entire load. However, such kind of an application is very rare in industrial and residential market. Instead, 

users are starting with pure diesel grids that can be replaced with solar – diesel hybrid mini-grid offering 

saving benefits. For this reason, pure diesel grid is taken as the base case and it is assumed to be replaced 

with a hybrid discussed in this report. If 50 kW C70D5 Cummins diesel generator is assumed to be in 

charge of supplying the entire load, LCOE rises to $0.746 ($1/liter diesel price, 5% cost of capital, 45000 

operating hours lifetime, $850/month rental fee). Replacing this diesel-grid with the given solar – diesel 

hybrid mini-grid has the relevant investment cost of $92500. By consuming 83500 kWhe/yr, breakeven is 

reached in 2.7 years. 

Moreover, an income source will be generated once the excess electricity of 36000 kWhe/yr starts to be 

pushed into the mini-grid. Assuming the distribution company agrees to make the payment based on the 

current electricity rate $0.108/kWhe, each year $3880 can be earned.                 
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Chapter 4 Conclusion 

The economic benefits of hybrid systems over diesel grids have been proven with this report even in a 

region where diesel price is lower than in several countries having low electrification rates. The potential 

of replacing the existing GW scale diesel grids and the future electrification of rural communities promise 

a significant market for the deployment of cost effective hybrid mini-grids. 

Design of the mini-grids has been demonstrated to be very flexible given the possibility of integrating AC 

and DC-coupled PV modules according to the load characteristics or preferences of grid operator. Also, 

the decreasing component prices will be the main driving factor to integrate PV modules into the diesel 

grids. Even though the LCOE of hybrid mini-grids will not be competitive against the public grid tariffs 

in near term, it is one of the most promising solutions to meet the electricity demand of the residential and 

commercial facilities running off-grid. 
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Appendix 1: LCOE calculation 

LCOE is the ratio of the present value of investment and operating costs to the present value of electricity 

generated. 

 𝐶   
  ∑

𝐶
   𝑟  

 
   

∑
 

   𝑟  
 
   

 

 T is average PV system lifespan, 

 I is initial investment, 

 C is operating and maintenance cost, 

 E is PV-generated electricity over the system’s lifespan 

 R is discount rate. 
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Appendix 2: Calculating the weighted average efficiency of 

inverters 

In this part, weighted average efficiency of Schneider Conext 15000E inverter will be calculated. Peak 

efficiency stated by the manufacturer is 98.05% under the most optimum condition. Two charts at the top 

line of figure below stresses that the inverter loses its efficiency when the temperature climbs beyond 

25
o
C and the fraction of PV input with respect to inverter’s nominal capacity falls below around 60%.  

 

Given the inverter’s temperature-derating curve, by looking at the hourly temperature profile over a year, 

one can estimate the power losses occurring each hour of the year. Following numerical example 

describes the calculation of “temperature weighted efficiency” which is the ratio of the inverter’s annual 

output after temperature derating to the annual output before temperature derating.    

Numerical Example: Given the hourly temperature of RAK and DC output of 1 kWp PV over a year, 

calculate the DC-AC conversion losses occurring at inverters at 1:00 pm on July 15 based on the 

inverter’s temperature derating curve. 
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At 1:00 pm on July 15,  

• DC output of PV 0.8 kW/kWp (from irradiation profile),  

• Temperature 44
o
C (temperature profile)  

• At 44
o
C temperature derating curve shows 8% derating factor: 

AC output of inverter is 0.8*(1-0.08) = 0.736 W 

Summing up the hourly inverter output over a year gives the annual AC output after deration. 

 

• A similar procedure is applied to estimate the impact of partial loads on the inverter efficiency. 

For 1 kWp PV, its hourly output is calculated using the irradiation value and the temperature 

coefficient corresponding to the measured temperature and irradiation. Then the hourly outputs 

are selected by interval of power and plotted by a histogram (yellow bars in Figure 34). 

Afterwards, repeatability of each interval over the year is plotted (gray curve in Figure 34). To 

calculate the annual energy output of 1 kWn inverter connected to 1 kWp PV,  

1) Power produced in each interval is multiplied by its occuracy and 8760 (h/yr).  

2) Multiply the results in 1) by the corresponding output inverter efficiency at each interval and 

sum up the results 

Numerical example: For 0.5-0.6 kW/kWp output interval,  

 Annual  PV output is 180 kWh/year,  

 Output derating factor for this interval 4%: 

 Annual AC output of inverter for this interval is 180*(1-0.04)= 172.8 kWh 

Repeating this for each interval, total output for 2009 year is obtained 1918 kWh. 

 

   

 

Finally, total weighted efficiency is calculated by multiplying temperature weighted efficiency by partial 

output weighted efficiency.  

 

Temperature weighted efficiency 

Partial Output weighted efficiency 

 
𝐴𝑛𝑛𝑢𝑎𝑙 𝐴𝐶 𝑜𝑢𝑡𝑝𝑢𝑡 𝑎𝑓𝑡𝑒𝑟 𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑜𝑢𝑡𝑝𝑢𝑡 𝑑𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝐴𝑛𝑛𝑢𝑎𝑙 𝑝𝑒𝑎𝑘 𝑜𝑢𝑡𝑝𝑢𝑡
 

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
   𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
 𝑃𝑎𝑟𝑡𝑖𝑎𝑙 𝑜𝑢𝑡𝑝𝑢𝑡 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 
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Appendix 3: Costs related to the battery replacement 
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Appendix 4: AutoCAD drawings of the existing distribution 

network 
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Appendix 5: The wiring of batteries, PV modules and grid-tie 

inverters  
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Three different angle orientations complicate the wiring from PV modules to grid-tie inverters. Each 

angle generates different output voltage, so one MPP tracker should be assigned to each angle. If 

conventional grid-tie inverters equipped with single MPP tracker were used, three inverters had to be 

installed. However, SMA STP 17000TL inverter contains dual MPP trackers allowing the connection of 

two different DC input voltage. By taking this advantage, one inverter is coupled to dual axis tracking PV 

and 25
o
 fixed angle PV as shown in Figure XX. The second inverter connects 10o and 25o fixed angle 

PV. DC power input of both STP 17000 TL inverters is 18% oversized relative to inverter nominal 

capacity which is permissible and recommended by SMA SunnyDesignWeb. DC and AC cable selection 

was done by using SMA’s design software as given in figure below. 
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Design of battery bank has been realized with the objective of charging each battery equally and at 

minimum loss in order to equalize the battery lifetime. This requires minimizing the wiring footprint by 

connecting 48V strings in parallel in a very compact form. Therefore, 18 units of 48 V strings (4 serially 

connected 12 V batteries) are placed onto 3 battery racks that are 2 tiers each. 3 battery racks displayed in 

figure below carry 72 batteries. Only the second tier is visible from the top view carrying 3 x 12 = 36 

batteries. 70 cm distance between racks in fact reduces the efficiency of battery charging. Ideally, racks 

had to be positioned right next to each other. However, considering the battery maintenance cycles, 70 cm 

clearance was given to easily replace the batteries from the shelves.        
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Appendix 6: The detailed procurement and installation costs 

obtained in the implementation phase. 

 

 

 

 

 

 

 

2012 prices

2013 prices

Diesel Generator Cummins C55D5 40 kW prime Unit Total

Replacement $/kW 282.02

O &M $/hour 1.69

Capital $/kW 282.02

PV System Unit AC-coupled 38.74 kW AC-coupled % DC-coupled 20 kW DC-coupled %

Jetion 250SBb Module $/kWp 0.00 0% 940.00 39%

Jetion Custom Cleareance $/kWp 0.00 0% 65.97 3%

Jetion Transportation from Jebel Ali $/kWp 0.00 0% 20.44 1%

Jinko 260-M Module $/kWp 580.00 36% 0.00 0%

Jinko Custom Cleareance $/kWp 29.05 2% 0.00 0%

Jinko Transportation from Jebel Ali $/kWp 8.09 1% 0.00 0%

Hilti Rack PV mounting (incl. custom and transp.)* $/kWp 415.40 26% 415.40 17%

Al Hamra Concrete Foundation $/kWp 172.80 11% 196.00 8%

DC Cables and connectors $/kWp 49.94 3% 49.94 2%

Cable tray and trunking $/kWp 67.46 4% 67.46 3%

Inverter - SMA STP 17000 TL $/kWp 165.80 10% 0.00 0%

AC Cables for Inverters $/kWp 14.42 1% 0.00 0%

Combiner Box $/kWp 0.00 0% 283.70 12%

Charge Cont. MorningStar MPPT 60 $/kWp 0.00 0% 267.50 11%

DC Cables for Charge Controllers $/kWp 0.00 0% 5.00 0%

Installation $/kWp 94.25 6% 94.25 4%

Total Capital PV System $/kWp 1597.20 2405.65

*Amount paid to Hilti including the minimum order limits. The cost of materials used is $/kWp 361.

Hybrid Inverter Unit Cost

SMA SI 8.0H $/kWp 236.18

Total Capital Hybrid Inverter $/kWp 236.18

Battery Unit Cost

Maxima AGM Battery $/kWh 122.62

Cabling, busbar, racks and installation $/kWh 17.35

Battery Fuse $/kWh 5.58

Total Capital Battery $/kWh 145.54

Power distribution Unit Cost

Power distribution (SOLAB) $ 10778.20

Grand Total Investment Unit Total Cost (AC -coupled) Total Cost (DC -coupled)

Diesel generator Cummins 40 kW $ 11280.65 0.00

Solar panel Jetion 250SBb $ 0.00 20528.07

Solar panel Jinko 296-M $ 23907.89 0.00

Mounting and Foundation $ 22230.23 12228.00

DC cables, connectors, cable trunking&trays $ 4547.87 2347.89

DC cable combiner box $ 0.00 5674.00

Inverter SMA STP 17000 TL & AC cables $ 6981.62 0.00

Charge Controller MorningStar and DC Cables $ 0.00 5450.00

Installation $ 3651.23 1884.99

DC coupled PV system $ 48112.95 48112.95

Hybrid Inverter 3 x SMA SI8.0H $ 5668.26

Maxima AGM Battery $ 21188.01

Battery Cabling, busbar, racks and installation $ 2997.28

Battery fuse $ 964.03

Power distribution of Solab $ 10778.20

Grand Total Investment including power distribution $ 162308.23
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By including 2012’s higher cost DC-coupled components for 20 kW PV system, payback time for 

replacing a diesel grid is calculated as 2.7 years. However, a brand new hybrid power plant formed by 

AC-coupled components would bring even a higher return. 

 

 

Mini-grid relevant investment $ 92525.20

Payback calculation Unit Cost

Cost of electricity generation with hybrid mini-grid $/kWh 0.33

Cost of electricity generation with diesel mini-grid $/kWh 0.746

Electricity consumption kWh/year 83584

Payback time with 5% cost of capital years 2.7




